Abstract. Strokes are a major cause of neurological disability. Stem cell replacement therapy is a potential novel strategy of treating patients that have experienced strokes. The present study examined the protective role of neural stem cell (NSC) administration in oxygen-glucose deprivation (OGD) injury and ischemic stroke animal models. Primary cultured embryonic NSCs and brain microvascular endothelial cells were indirectly co-cultured for in vitro testing. A rat model of embolic middle cerebral artery occlusion (MCAO) was used to assess the morphological and functional changes that occur following treatment with NSCs. The role of the phosphoinositide 3-kinase/protein kinase b/glycogen synthase kinase 3β (PI3K/Akt/GSK-3β) signaling pathway in the neuroprotective effects of NSC treatment was also determined. It was demonstrated in vivo and in vitro that NSC administration may attenuate the brain injury caused by stroke. Furthermore, the results suggest that activation of PI3k/Akt/GSK-3β signaling pathway serves a role in attenuating OGD injury. Inflammation, synaptic remodeling and autophagy may be improved following NSC treatment and behavioral testing suggests that treatment with NSCs improves functional recovery in rats following MCAO.
Introduction
Stroke is the third-leading cause of mortality in developed countries with an incidence of 250-400 cases per 100,000 people and a mortality rate of ~30% (1) . The prevalence and cost of stroke are expected to rise as the global population ages and in less developed countries, the incidence and mortality rates of stroke are increasing due to rapidly changing lifestyles and population structures (2) .
Ischemic cerebral infarction is the cause of ~80% of strokes (3) . Ischemic stroke occurs following the obstruction of blood vessels supplying blood to the brain. Due to the limited regeneration capacity of central nervous tissue, patients with brain damage resulting from ischemic stroke suffer from lifelong disabilities (4) .
Stem cell therapy is a potential novel strategy of treating patients that have experienced strokes. It has been demonstrated to have therapeutic potential in animal models of neurological disorders (5, 6) . Previous studies have also performed cell transplantation in models of ischemic infarct. Different types of stem cells, including rodent mesenchymal stem cells (7) , human bone marrow stem cells (8) , human umbilical cord blood cells (9) and rodent embryonic hippocampal formation cells (10) ameliorate neurological deficits induced by experimental brain ischemia. The present study investigated the effects of primary rodent neural stem cell (NSC) administration on in vitro and in vivo stroke models and determined the role of the phosphoinositide 3-kinase/protein kinase b/glycogen synthase kinase 3β (PI3K/Akt/GSK-3) signaling pathway in the neuroprotective effects of pre-treatment with NSCs.
Materials and methods
Primary culture of NSCs. Complete NSC medium was prepared by mixing Neuralbasal medium (20 ml/brain; Thermo Fisher Scientific, Inc., Waltham, MA, USA) with 10 ng/ml B27 (Invitrogen; Thermo Fisher Scientific, Inc.), 10 ng/ml basic fibroblast growth factor and 20 ng/ml epidermal growth factor (both Gibco; Thermo Fisher Scientific, Inc.). The dissociated brain tissue from one animal was then diluted in 20 ml of culture medium. The mixture was supplemented with 1% antibiotics (penicillin/streptomycin) and incubated at 37˚C with 5% CO 2 and 95% humidity.
A dissection microscope (Fisher Science Education™ Advanced Digital Stereomicroscopes; cat. no. S71012B; Thermo Fisher Scientific, Inc.) was used to harvest Sprague-Dawley rat embryos at day 13 (E13; the copulatory plug day was defined as E0). Rats (age, 3-5 weeks; weight, 250±30 g) were obtained from Changhai Hospital Animal Center (Shanghai, China) and housed under controlled environmental conditions (temperature, 23±1˚C; humidity, 55±5% and kept under a 12 h light/dark cycle; commercial food and water were freely available). Trypsin (0.25%) was used to homogenize whole brain samples (obtained from rat embryos). Neurospheres were cultured as described previously (11) . Cells were incubated at 37˚C with 5% CO 2 . NSCs were identified using immunofluorescence labeling with anti-nestin antibody (1:1,000; cat. no. 14-9843-82; Thermo Fisher Scientific, Inc.) and were then passaged for three generations prior to administration.
Primary culture of brain microvascular endothelial cells (BMECs).
Rat BMECs were isolated from Sprague-Dawley rats, following a previously published protocol with some modifications (12) . Briefly, rat brains were collected and homogenates of isolated cerebral cortices were then digested using 0.1% collagenase II (Sigma-Aldrich; Merck KGaA, Darmstadt, Germany) and 30 U/ml DNase I (cat. no. 10104159001; Roche Diagnostics, Indianapolis, IN, USA) at 37˚C for 1.5 h. The pellet was then resuspended in 20% bovine serum albumin (BSA; Sigma-Aldrich; Merck KGaA; 2 ml) and centrifuged at 1,000 x g for 20 min at 4˚C. Microvessel pellets in the lower layer were digested using 0.1% collagenase/dispase (Roche Diagnostics) and 20 U/ml DNase I at 37˚C for 1 h. Cells were incubated at 37˚C with 5% CO 2 and a humidity of 95%. BMECs were identified using immunofluorescence labeling with anti-factor VIII antibody (1:1,000; cat. no. MA1-43037; Thermo Fisher Scientific, Inc.). Fluorescence microscope was used to identify cell samples.
Oxygen-glucose deprivation (OGD) cell model.
A Transwell chamber (EMD Millipore, Billerica, MA, USA) indirect co-culture system was used to identify the effect of NSCs on BMECs under OGD. The groups for the OGD cell model were as follows: An NSC group, a control group and an OGD group. For the NSC group, the upper compartments of the Transwell inserts were removed following co-culture of NSCs and BMECs (each 4x10 5 /well) in Dulbecco's Modified Eagle medium (DMEM)-F12 (Thermo Fisher Scientific, Inc.) mixed with 2% B27 and 1% fetal bovine serum (Sigma-Aldrich; Merck KGaA) for 72 h at 37˚C. BMECs were treated with DMEM comprising of glucose-free balanced salt solution and cultured for 6 h in a hypoxic chamber under an adjusted atmosphere comprising of 95% N 2 and 5% CO 2 at 37˚C; the control group consisted of BMECs without NSCs that had not been exposed to OGD; and the OGD group consisted of BMECs without NSCs that had been exposed to OGD, which served as an internal control.
Animal model of middle cerebral arterial occlusion (MCAO).
MCAO surgery was performed to induce focal cerebral ischemic injury. Adult male Sprague-Dawley rats aged 6-8 weeks old and weighing 250-350 g were obtained from the Second Military Medical University (SMMU) Laboratory Animal Center (Shanghai, China). Following intraperitoneal anesthesia with 10% chloral hydrate (360 mg/kg; Sigma-Aldrich; Merck KGaA), focal cerebral ischemia was induced using an operating microscope via right-sided endovascular MCAO using a piece of monofilament nylon suture with a blunted tip coated with poly-lysine. The filament was inserted through the right common carotid artery and advanced along the internal carotid artery until the tip occluded the proximal stem of the middle cerebral artery. Induction of ischemic brain injury was confirmed using behavioral tests.
Implantation of NSCs in a rat model. NSCs were collected using centrifugation (800 x g for 5 min at room temperature) and resuspended in PBS. Rats were intraperitoneally anesthetized with 10% chloral hydrate (400 mg/kg). A stereotaxic instrument was then used to fix the animal's head with the lambda point set at 0: Anteroposterior (AP)=16 mm; medial lateral (ML)=21.6 mm; dorsal ventral (DV)=12.9 mm; and hippocampus (point of NSCs administration): AP=19 mm; ML=23.6 mm; DV=14.9 mm (Read coordinate from behind, back, and top, anteroposterior=AP, medial lateral=ML, and dorsal ventral=DV). Each rat received 10 µl total fluid using microsyringes over a 10 min period immediately following MCAO. Following confirmation of the induction of ischemic brain injury using behavioral tests, rats were randomized into three groups for transplantation as follows: i) The NSC group, consisting of rats that underwent transplantation of ~4x10 5 NSCs into the hippocampus around the ischemic boundary zone by injection following MCAO, ii) the MCAO group, consisting of rats that underwent MCAO alone with PBS transplantation and iii) the sham group, consisting of rats that underwent MCAO without insertion of the filament into the MCA and transplantation of PBS. Mice were anesthetized by inhaling 2.5% isoflurane before Perform cervical dislocation. At 3 days after MCAO, mice were sacrificed and samples were collected for further study. All animals were treated in accordance with the NIH guidelines for the Care and Use of Laboratory Animals (13) . All experimental procedures in the current study were approved by the Committee on Ethics of Biomedicine, The Second Military Medical University.
Caspase-3 activity assay. Caspase-3 is one of the key enzymes that serve a role in apoptosis. A caspase-3 colorimetric assay (Caspase 3 Activity assay kit, Colorimetric; Sigma-Aldrich; Merck KGaA) was performed, which is based on the hydrolysis of the peptide substrate acetyl-Asp-Glu-Val-Asp p-nitroanilide (Ac-DEVD-pNA) by caspase-3, a process that results in the release of the p-nitroaniline (pNA) moiety. Samples and standards were processed as indicated in the manufacturer's protocol. Cells were homogenized in lysis buffer (included in the kit) and centrifuged for 15 min at a speed of 13,400 x g at 4˚C and the supernatant was collected. The reaction was initiated by adding Ac-DEVD-pNA to each well and the mixture was shaken gently. The microplate was incubated at 37˚C for 3 h and absorbance was measured at a wavelength of 405 nm using a microplate reader.
Lactate dehydrogenase (LDH) release assay demonstrating cell cytotoxicity. Cell cytoxicity following OGD treatment was determined based on the release of LDH using the CytoTox-one Homogeneous Membrane Integrity assay kit (Promega Corporation, Madison, WI, USA) following the manufacturer's protocol. Cytotoxicity was calculated using the following formula: Cytotoxicity (%)=100x(experimental-culture medium background)/(maximum LDH release-culture medium background).
Reverse transcription-quantitative polymerase chain reaction (RT-qPCR) in brain tissue from rat models. RT-qPCR was performed as previously described to determine the expression of PI3k, Akt and GSK-3β mRNA (14) . Briefly, 1 µg total RNA was isolated using TRIzol reagent (Thermo Fisher Scientific, Inc.) and was then reverse transcribed into cDNA with a commercially available Reverse transcription kit (Tiangen Biotech, Co., Ltd., Beijing, China) following the manufacturer's protocol. qPCR was performed using a SYBR Green PCR Master mix (Tiangen Biotech, Co., Ltd.) on an ABI 7300 PCR Instrument (Applied Biosystems; Thermo Fisher Scientific, Inc.). The following primers were used: PI3K, forward, 5'-CTC TCC TGT GCT GGC TAC TGT-3' and reverse, 5'-GCT CTC GGT TGA TTC CAA ACT-3'; Akt, forward, 5'-TCA GGA TGT GGA TCA GCG AGA-3' and reverse, 5'-CTG CAG GCA GCG GAT GAT AA-3'; GSK-3β, forward, 5'-TTC TCG GTA CTA CAG GGC ACC A-3', and reverse, 5'-GTC CTA GCA ACA ATT CAG CCA ACA-3' and β-actin, forward, 5'-GGA GAT TAC TGC CCT GGC TCC TA-3' and reverse, 5'-GAC TCA TCG TAC TCC TGC TTG CTG-3'. The following cycling conditions were used: 10 min at 95˚C for polymerase activation, followed by 95˚C for 30 sec and 60˚C for 30 sec. Rat β-actin was used for normalization. Relative fold changes in RNA expression normalized to β-actin were calculated using the 2 −ΔΔCq method (15) .
Western blot analysis. Total protein lysates from the ischemic penumbra area tissues were prepared with ice-cold lysis buffer (50 mM Tris, pH 7.6, 150 mM NaCl, 10% Triton-X 100 and 100x Roche protease inhibitor cocktail protease and phosphatase inhibitors). Brain tissues were then centrifuged in a microcentrifuge at a speed of 13,400 x g rpm for 1 min at 4˚C. Protein concentration was determined using a BCA assay kit (Promega Corporation). A total of 40 µg proteins were loaded per lane and resolved using 10% SDS-polyacrylamide gel electrophoresis for 2 h at 120 V prior to being transferred to PVDF membranes using wet tank electro transfer, membranes were blocked with 5% BSA in TBST overnight at 4˚C. Membranes were then incubated with primary antibodies against phosphorylated (p)-PI3k for 40 min at room temperature. The data were analyzed using Image J software version 1.48 (National Institutes of Health, Bethesda, MD, USA). A total of 5 animals per group were used for immunohistochemical analysis, 5 fields of the brain of each rat at x200 magnification were selected and mean optical density was calculated.
Behavioral tests. The modified foot-fault test and adhesive removal test were employed 3 days following MCAO rat model establishment, which aimed to measure forelimb placement dysfunction and somatosensory deficits, respectively (17, 18) . The total number of steps that the rat used to cross the grid, left forelimb foot faults and the mean time required to remove each stimulus from the limbs was recorded.
Statistical analysis. Statistical significance among the groups was analyzed using one-way analysis of variance and Tukey's post hoc test. Data are expressed as the mean ± standard deviation. P<0.05 was determined to indicate statistically significant difference. Statistical analysis was performed using SPSS 19.0 (IBM Corp., Armonk, NY, USA).
Results

NSCs significantly suppress caspase-3 activity and decrease the release of LDH in BMECs.
Caspase-3 activation serves a key role in apoptosis and may be used as a marker of apoptosis. Caspase-3 activity was increased ~1.4-fold in the OGD group compared with the NSC group (P<0.001; Fig. 1A ). LDH is an indicator of cytotoxicity, which is released into the cell culture supernatant when cell membranes are damaged. The effect of NSCs on OGD-induced BMEC cytotoxicity was evaluated using an LDH release assay (Fig. 1B) . The cytotoxicity of the NSC group was significantly decreased compared with the OGD group (P<0.05). 
Effects of NSCs on PI3k/Akt/GSK-3β signaling pathway activation.
Our previous in vitro study demonstrated that phosphorylation levels of PI3k/Akt/GSK-3β were altered in neurons following NSCs treatment under OGD (unpublished data). The results of the in vivo experiments in the current study further indicated that the PI3k/Akt/GSK-3β signaling pathway may be at least partially involved in the neuroprotective effects conferred by NSCs. The expression of p-PI3k, p-Akt and p-GSK3β protein was measured using western blotting ( Fig. 2A) . The expressions of p-PI3k at Tyr458 (P<0.01), p-Akt at Ser473 (P<0.05) and p-GSK-3β at Ser9 (P<0.001) were significantly increased in the NSC group compared with the MCAO group (Fig. 2B) RT-qPCR analysis was performed simultaneously to measure the level of expression of PI3k, Akt and GSK-3β mRNA (Fig. 2C) . The results indicated that the levels of PI3k and Akt mRNA were increased in the NSC group compared with the MCAO group (both P<0.01). By contrast, the expression of GSK-3β mRNA was significantly decreased (P<0.05) in the NSC group compared with the MCAO group.
H&E and Nissl staining. The results of H&E staining of the dentate gyrus of the hippocampus in the MCAO group identified the following typical neuropathological changes in rats: Neuronal cell loss, ambiguous structures, nuclear shrinkage and dark neuron staining. NSC treatment significantly attenuated these ischemic neuropathological changes (Fig. 3A) . The adjacent hippocampal sections were subjected to Nissl staining (Fig. 3B) . The reduction in Nissl staining is indicative of neuronal degeneration. A greater reduction of Nissl staining was evident in the tissues from the MCAO group compared with tissues from the NSC group.
Synaptic remodeling is mediated by NSCs in the MCAO animal model. MAP-2 is a cytoskeletal phosphoprotein primarily associated with microtubules and postsynaptic densities (19) . GAP-43 is an intracellular membrane-associated phosphoprotein expressed in neuronal growth cones and is involved in axonal growth, synaptogenesis, synaptic remodeling and neurotransmitter release (20) . Synaptophysin is a 38-kDa calcium-binding glycoprotein present in the membranes of neurotransmitter-containing presynaptic vesicles and is used as a specific protein marker for the presynaptic terminal (21) . Levels of synaptophysin serve as an index of synaptic number and density (22) . The mean average intensity of MAP-2, GAP-43 and synaptophysin staining were significantly increased in the NSC group compared with the MCAO group (all P<0.05; Fig. 4 ).
Immunomodulatory properties of NSCs. The expression of IBA-1 in the microglia and GFAP in the astrocytes increase in response to a wide variety of pathological stimuli in the central nervous system (CNS). Microglia and astrocyte activation commonly occur during the early response of the CNS to a wide variety of pathological stimuli, including axotomy, trauma, inflammation and degeneration (23) . There was a significant decrease in the number of IBA-1 and GFAP-positive cells in the peri-ischemic area in the NSC group compared with the MCAO group (both P<0.05; Fig. 5 ).
Autophagy marker levels decrease following NSC treatment.
MAP1LC3 and Beclin-1 serve a pivotal role in mammalian autophagy, which is increased during periods of cell stress and extinguished during the cell cycle (24) . In ischemic neurons, Beclin-1 markers were dispersed in the soma and dendrites (Fig. 6A) , while MAP1LC3 was primarily located in the soma (Fig. 6B) . The number of MAP1LC3-positive and Beclin-1-positive immune-reactive puncta were significantly decreased in the NSC group compared with the MCAO group (both P<0.05; Fig. 6C ).
NSCs suppress ischemia-triggered inflammatory cytokines.
Ischemic stroke is accompanied by increased inflammatory cytokine secretion; therefore basal cytokine secretion levels in homogenized tissue samples were measured using a protein array in which levels of different cytokines were quantified simultaneously. The secretion of pro-inflammatory cytokines, including L-selectin, leptin, MCP-1 and TNFα was increased in the MCAO group compared with the sham group. NSCs further increased the release of anti-inflammatory cytokine TIMP-1 (Fig. 7 ). These results demonstrate that NSCs are able to shift the balance of the inflammatory response from pro-inflammatory to anti-inflammatory.
NSCs improve functional outcomes. The foot-fault and adhesive removal tests conducted 3 days following stroke onset indicated that all MCAO and MSC-treated rats exhibited severe neurological deficits. Treatment with NSCs initiated 24 h following stroke onset significantly improved performance on the adhesive removal test (P<0.05; Fig. 8A ) and foot-fault test (P<0.05; Fig. 8B ) compared with the MCAO group. These results indicate that NSCs may have the capacity to improve functional outcomes in mice with stroke.
Discussion
Ischemic stroke consists of a complex array of pathological processes and induces highly variable outcomes modified by many factors. The rationale for using NSCs as potential candidates in cell therapy for patients who have experienced stroke is based on a range of studies that have demonstrated or suggested the advantages conferred by NSCs following their intravenous or intracerebral administration in vivo through immunomodulation, signal amplification and neural repair (11, 25, 26) . NSCs are regarded as one of the most promising stem cell candidates to be used as a therapy for many diseases where treatment is challenging (27) . Patients who have experienced stroke face medical and economic burdens due to limitations in the number of available treatments (28) . Stem cell based replacement therapy has therefore become attractive due to its potential to solve these problems.
In the current study, NSCs were administered to the area surrounding the lateral ventricle in the stroke-affected hemisphere. The hippocampus was identified as the ideal site for this type of intervention, as it is one of only two regions in the adult mammalian brain in which neurogenesis is ongoing (29).
Furthermore, it exhibits an abundance of migration, proliferation, differentiation and integration signals (30) . Thus, the hippocampus may be a potential target for treatments of neurological conditions in humans and serves as a gateway for effective clinical interventions.
Apoptosis is a specific process that leads to programmed cell death. Cytosolic cytochrome c release and caspase activation have been observed during ischemia-induced apoptosis (31) and NSCs are able to attenuate caspase-3 activation and impairment in OGD-treated BMECs. It has been demonstrated in vivo that NSCs affect the PI3K/Akt/GSK3β pathway, which regulates cell proliferation, survival and migration (14, 32, 33) .
Ischemia increases autophagosome formation and activate autophagy. MAP1LC3 and Beclin-1 are involved in the signaling pathway that activates autophagy and the initial step of autophagosome formation (34) . The in vivo results of the current study demonstrate that the number of MAP1LC3-positive and Beclin-1-positive immuno-reactive puncta were significantly decreased in the NSC group compared with the MCAO group. This indicates that NSCs may suppress autophagic reactions in the ischemic brain and that this role may be associated with the PI3K/Akt/GSK3β pathway, as the mechanistic target of rapamycin is downstream of this pathway and integrates signals from nutrients, energy regulators and growth factors to regulate autophagy (33) .
The current study demonstrated that NSCs transplanted into the hippocampus around the ischemic boundary zone of an ischemic lesion facilitate the functional recovery from strokes. Cell survival promoted by NSCs may contribute to this recovery. NSCs also reduce the number of GFAP and IBA1-expressing cells, which indicates that they have immunomodulatory properties. These results are consistent with those of previously published studies (9, 11, 26) . NSCs possess a strong anti-inflammatory capacity in a variety of disease models including Alzheimer's disease, Parkinson's disease and traumatic brain injury models (14) . The current study demonstrated that NSC administration may modulate inflammation by reducing L-selectin, leptin, MCP-1 and TNFα production and increasing TIMP-1 levels.
In conclusion, the present study suggests that in addition to increasing cell survival to improve functional recovery following stroke in rats, NSCs may also activate the PI3k/Akt/GSK-3β pathway and attenuate the inflammatory process and autophagy. These effects may contribute to the underlying beneficial effects exerted by NSCs in ischemic stroke. Further investigation into the precise molecular mechanisms governing these effects may lead to the development of novel preventive and therapeutic strategies for managing ischemic injury in the future.
